Objective-Maintenance of lymphatic permeability is essential for normal lymphatic function during adulthood, but the precise signaling pathways that control lymphatic junctions during development are not fully elucidated. The G s -coupled AM (adrenomedullin) signaling pathway is required for embryonic lymphangiogenesis and the maintenance of lymphatic junctions during adulthood. Thus, we sought to elucidate the downstream effectors mediating junctional stabilization in lymphatic endothelial cells. Approach and Results-We knocked-down both Rap1A and Rap1B isoforms in human neonatal dermal lymphatic cells (human lymphatic endothelial cells) and genetically deleted the mRap1 gene in lymphatic endothelial cells by producing 2 independent, conditional Rap1a/b knockout mouse lines. Rap1A/B knockdown caused disrupted junctional formation with hyperpermeability and impaired AM-induced lymphatic junctional tightening, as well as rescue of histamine-induced junctional disruption. Less than 60% of lymphatic-Rap1a/b knockout embryos survived to E13.5 exhibiting interstitial edema, blood-filled lymphatics, disrupted lymphovenous valves, and defective lymphangiogenesis. Consistently, inducible lymphatic-Rap1a/b deletion in adult animals prevented AM-rescue of histamine-induced lymphatic leakage and dilation. Conclusions-Rap1 (Ras-related protein) serves as the dominant effector downstream of AM to stabilize lymphatic junctions. Rap1 is required for maintaining lymphatic permeability and driving normal lymphatic development. Visual Overview-An online visual overview is available for this article.
L ymphatic vessels are uniquely adapted to continuously drain interstitial fluid, protein, and cells, playing a key role in tissue homeostasis, inflammation, and other disease conditions involving excessive interstitial fluid. 1 Lymph fluid is ultimately returned to the blood circulation via lymphovenous valves (LVV) which are formed during the process of venous-lymphatic separation during embryogenesis 2, 3 and maintained in adulthood by platelets, thereby, preventing the shunting of blood into the lymphatic circulation. 4 Structural and functional heterogeneity exists within the lymphatic vascular system, as exemplified by different types of endothelial junctions. For example, lymphatic collecting vessels show continuous zipper-like junctions, similar in morphology to the junctions of blood capillaries, whereas lymphatic capillaries show discontinuous, button-like junctions. 5, 6 Appropriate permeability and pumping activity achieved by the different types of junctions in lymphatic vessels ensures normal lymph flow, efficient interstitial fluid uptake, and pathogen collection. 7, 8 Many disease conditions involve dysfunction of the lymphatic barrier and valves, such as lymphangiectasia, lymphedema, and inflammation. Therefore, understanding how lymphatic endothelial cell (LEC) junctions are formed and regulated is of considerable clinical interest and a potential area for therapeutic intervention.
Rap1 (Ras-related protein) is a member of the Ras subfamily of small GTPases that was originally discovered as a mediator of integrin activation and adhesion, 9 leukocyte arrest and extravasation, 10 endothelial cell migration, and angiogenesis. 11 More recent studies have highlighted a critical role for Rap1 in cell-cell junctional regulation. 12, 13 Like all GTPases, Rap1 is activated by GEFs (guanine nucleotide exchange factors), which promote the transition from an inactive GDP-bound state to an active GTP-bound state. Rap1 exerts its endothelial barrier strengthening effect mainly by promoting cytoskeletal rearrangements, such as increasing circumferential actin bundles and reducing radial stress fibers. [14] [15] [16] [17] Rap1a and Rap1b, 2 isoforms of Rap1, share 95% sequence homology at the amino acid level. Endothelial-specific deletion of both isoforms using Tie2-Cre causes hemorrhage and embryonic lethality. 18 At E10.5, tissue degeneration and cranial hemorrhage are found in a significant fraction (50%) of Tie2-double Rap1a/b knockout embryos, 18 and no Tie2-double Rap1a/b knockout animals survive to E15.5. Because of the prominent cardiovascular defects and early developmental lethality of EC-Rap1 knockout mice, the elucidation of Rap1 function in developmental lymphangiogenesis is precluded. Therefore, whether Rap1 is required for the development of lymphatics or for lymphatic barrier function remains unknown.
A potent lymphatic barrier tightening factor is AM (adrenomedullin; Adm); a multifunctional peptide involved in a variety of physiological processes, such as lymphangiogenesis and cardiovascular homeostasis. 19 Using mouse models, we previously identified an essential role for AM and its receptor complex in lymphatic development during embryogenesis 20 and maintenance of normal lymphatic function in adults. 21 AM signals through the G protein-coupled receptor CLR (calcitonin receptor-like receptor; Calcrl) and Ramp2 (receptor activity modifying protein 2; Ramp2) complex. 22 Calcrl global inducible knockout mice have lymphatic junctional disruption in numerous organ systems resulting in lymphatic hyperpermeability and lymphatic insufficiency which fully recapitulate the clinical symptoms of lymphangiectasia, characterized as dilation of lymphatic vessels. 21 Furthermore, previous studies have demonstrated that AM stabilizes the lymphatic endothelial barrier both in vitro and in vivo. 23, 24 However, the downstream effectors that mediate this stabilization remain elusive. As a G s -coupled signaling pathway, one of the major downstream effectors of AM stimulation is cAMP, which acts on both PKA (protein kinase A) and Epac1 (exchange protein directly activated by cAMP). 15, 25 Given that the AM signaling receptor complex, consisting of Calcrl and Ramp2, is enriched in LECs, 26, 27 we hypothesized that Epac1-Rap1 is a downstream effector thereby imparting functional effects on LEC junction permeability.
We used human neonatal dermal lymphatic cells (HMVEC-dLyNeo-Der Lym Endo Cells, herein, human LECs [hLECs]) and 2 different LEC-double Rap1a/b knockout mouse models to demonstrate that Rap1 plays an important role in the formation and stabilization of LEC junctions and the development of lymphatics. More importantly, we place Rap1 as the key effector downstream of AM responsible for tightening lymphatic junctions under basal conditions and for restoring histamine-induced junctional disruption. Our results give insights into the signaling mechanism underlying AM-stabilization of LEC junctions, which could serve as a potential therapeutic target to modify lymphatic permeability.
Materials and Methods
The authors declare that all supporting data are available within the article (in the online-only Data Supplement).
Other detailed methods are presented in the online-only Data Supplement.
Real-Time Cellular Impedance Analysis
To quantify barrier function, real-time cellular impedance analysis (RTCA) assays were performed on the xCELLigence RTCA DP platform (ACEA Biosciences, Inc). This method uses electrical impedance to monitor cells grown on microelectrode coated plates. Changes in impedance reflect changes in barrier function and permeability. 28 Experiments were essentially performed as previously described. 29 In brief, 45 000 hLECs were seeded into each well of an E-Plate 16 (ACEA Biosciences, Inc) and placed onto the RTCA DP platform in a 37°C/5% CO 2 incubator. Monolayer impedance was monitored overnight until a stable cell index was reached, indicating maximal barrier function (usually 16-24 hours after plating). For histamine/AM experiments, on reaching a stable plateau, histamine or media alone was added for 10 minutes, then AM or media alone was added for the duration of the experiment. For PKI 14-22 (PKA inhibitor [14] [15] [16] [17] [18] [19] [20] [21] [22] experiments, PKI (14) (15) (16) (17) (18) (19) (20) (21) (22) or media alone was added for 1 hour, followed by AM or media alone for the remaining time.
hLEC Treatments
Unless noted below, the following treatment conditions were used: hLECs were treated with AM (Bachem, 10 nmol/L) for 30 minutes, histamine pretreatment (10 μM; Sigma-Aldrich) was for 10 minutes, and PKI (14-22) pretreatment (10 μM; Sigma-Aldrich) was for 1 hour. In Figure 2E express micromolecule permeability testing assay (XPerT) assay, hLECs were treated with AM (10 nmol/L) for 6 hours. For RTCA assays, treatment of AM (10 nmol/L) was for the remaining duration of the experiment. For junction formation studies, hLECs were transduced with shCtrl or shRap1A/B adenovirus in 10-cm dishes and 48 hours later were split into E-plate 16 to let new junctions form. For other RTCA assays, hLECs were plated in the E-plate 16 to let the junctions form first before adding the adenovirus to knock down Rap1 and study the effect of AM.
Monolayer Gap Assay
Monolayer gaps were assessed according to previously described methods. 30 In brief, knockdown hLECs (GFP [green fluorescent protein]-positive) were cocultured at a 1:4 ratio with uninfected hLECs on coverslips in 24-well plates and allowed to grow until a monolayer was formed. After fixation in 4% paraformaldehyde, hLECs were immunostained with anti-VE-cadherin (vascular endothelial cadherin) antibody (C-19, Santa Cruz) to visualize adherens junctions.
XPerT Assay
The XPerT assay is another technique to test monolayer barrier function. 31 For this assay, hLECs were grown on a biotinylated collagen substrate, then following each given treatment condition, hLEC monolayers were briefly (2 minutes) incubated with Alexa350-labeled streptavidin (Life Technologies) added directly to culture medium. 
Lymphatic Permeability Assay
Ear lymphatic permeability was assessed as previously described. 21 Seven to 10 days after the last dose of Tamoxifen, mice were anesthetized with Avertin. We intradermally injected the ears of anesthetized ; Rap1b fl/fl mice with 3 μL of either histamine (10 mmol/L, Sigma-Aldrich) or a combination of histamine (10 mmol/L) and AM (10 μM) in saline with a 10 μL Hamilton syringe fitted with a 30 gauge needle. Three minutes later, the ears were subjected to intradermal injection of 3 μL 0.5% Evans Blue dye (Sigma-Aldrich) in saline. Images of the ears were obtained at 0 and 10 minutes after dye injection.
Statistical Analysis
Normality test was performed using Shapiro-Wilk test, and equal variance was examined. Unpaired 2-tailed t test was used for comparisons between 2 means. If variance was significantly different, Welch correction was performed. For multiple comparisons with single factor, 1-way ANOVA followed by Bonferroni post hoc test was used. Two-way ANOVA followed by Bonferroni post hoc test was performed for multiple comparisons with 2 factors. All data are presented as mean±SEM unless otherwise noted. Statistical significance was set at *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; P>0.05, not significant.
Results

Rap1 Is Required to Form Functional LEC Junctions In Vitro
To determine whether Rap1 plays a role in establishing lymphatic endothelial junctions, we utilized an adenovirallydelivered RNAi (RNA interference) approach for efficient knockdown of both Rap1A and Rap1B isoforms in hLECs. 30 mRNA expression of both Rap1A and Rap1B was significantly decreased in hLECs transduced simultaneously with Rap1A and Rap1B shRNA adenovirus, that is, total Rap1 (shRap1A/B) compared with hLECs with a nontargeting negative control adenovirus (shCtrl; Figure 1A ). To assess hLEC junctional integrity, knockdown hLECs expressing cocistronic GFP as a marker for transduction were cocultured with uninfected hLECs at a ratio of 1:4 and stained for VE-cadherin as a marker for intact junctions. As shown in Figure 1B , continuous VE-cadherin-positive hLEC junctions prominently formed between the GFP-positive shCtrl cells and adjacent uninfected cells (white arrows), whereas the VE-cadherin staining revealed discontinuous and negative gaps in staining between shRap1A/B Rap1-knockdown cells and adjacent uninfected cells (arrowheads). Quantification revealed that Rap1A/B knockdown hLECs had a significantly higher percentage of cells with gaps compared with shCtrl hLECs ( Figure 1C ), demonstrating that expression of Rap1 is required for establishment of hLEC junctions.
Another technique for assessing endothelial monolayer barrier function is the RTCA, which measures the electrical impedance across a cell monolayer. Cell impedance over time, shown graphically as area under the curve, was significantly reduced in shRap1A/B hLEC monolayers compared with shCtrl hLEC monolayers, indicating impaired barrier properties ( Figure 1D , representative trace; Figure 1E , quantification). The inset graph in Figure 1D shows cell count as confirmation that Rap1-knockdown cells were not seeded at a lower cell density. Together, these results establish Rap1 as a fundamental GTPase required for the formation of LEC junctions.
Rap1 Is Required for AM-Induced Junctional Stabilization
AM peptide stimulates a robust reorganization and linearization of LEC junctions both in vitro and in vivo, 23 resulting in junctional strengthening and stability of lymphatics. 32, 33 As a G s -coupled signaling pathway, one of the major downstream effectors of AM stimulation is cAMP. Because cAMP is also a known regulator of Rap1 activity, we hypothesized that AM could exert its LEC junctional stabilization effects by signaling through Rap1. As expected, AM treatment of control (shCtrl) hLECs caused VE-cadherin-positive junction morphology to change from a jagged pattern to a continuous linear morphology (Figure 2A ). In contrast, knockdown of Rap1 (shRap1A/B) prevented this AM-induced reorganization of junctional VE-cadherin. Quantification of junctional linearity in shCtrl versus shRap1A/B hLECs monolayers confirmed that Rap1 is required for junctional linearization ( Figure 2B ). Functional RTCA assays further showed that AM could not fully exert its function in increasing the impedance of hLEC monolayer in shRap1A/B hLECs ( Figure 2C , representative trace; Figure 2D , quantification) compared with shCtrl cells. Direct measurement of local permeability changes in response to AM treatment was also performed using the XPerT. 31 This technique uses image analysis thresholding to detect and quantify regions of local junction permeability by the binding of a fluorescent-streptavidin tracer to any exposed biotinylated collagen substrate, that is, to intercellular gaps. Representative threshold images showing gap area fluorescence in shCtrl and shRap1A/B monolayers with or without Figure 3 . AM (adrenomedullin) rescues histamine-induced human lymphatic endothelial cell (hLEC) junction disruption, and this requires Rap1 (Ras-related protein). A, Cell junctions were visualized using anti-VE-cadherin antibodies (red); F-actin was visualized using phalloidin (green). The boxed area shows the method for quantification of F-actin using histamine and histamine+AM groups as examples. Graph represents fluorescent pixel intensity measured using image J, along the drawn line. Scale bar, 50 μm. B, Quantification of F-actin. Graph shows number of peaks per micron above a threshold value set at 800. n=5 to 6. C, Representative real-time cellular impedance analysis trace of hLEC monolayers pretreated with histamine (10 μM) or media for 10 minutes followed by +/− AM addition. Cell index is normalized to point at which histamine or media was added and was assessed for media-, AM-, histamine-, and histamine +AM combination-treated group. D, Quantification of normalized cell index (30 minutes after AM treatment) from 3 independent experiments at the 30 minutes AM time point (10 nmol/L); 3 to 4 replicates for each condition and 3 independent experiments were performed. E, Inverted representative images and quantification of cell junctions visualized using anti-VE-cadherin antibodies for both shCtrl and shRap1A/B hLECs in media, histamine, and histamine +AM combination treatment. The boxed areas are enlarged at the bottom side of the original images. Scale bar, 50 μm. F, Quantification of the percentage of linear junctions per field (relative to total number of junctions) for each condition; n=6. G, Representative thresholded images of express micromolecule permeability testing (XPerT) assay for each condition. Black areas indicate regions of high local permeability labeled by fluorescent-avidin binding to exposed biotinylated collagen matrix. Scale bar, 100 μm. H, XPerT assay quantification of gap area ratio after AM treatment (10 nmol/L, 30 minutes) of shCtrl and shRap1A/B hLEC monolayers pretreated with histamine (10 μM, 10 minutes). Data plotted as ratio of gaps in AM +histamine/histamine alone for each group; 5 fields per condition and 3 independent experiments were performed. Data are presented as means±SEM. *P<0.05, **P<0.01, and ***P<0.001. n.s indicates not significant. shCtrl indicates LECs with negative control adenovirus; and shRap1A/B, LECs with both Rap1A and Rap1B shRNA adenovirus.
AM treatment suggested that AM reduction of the gap area was greater in shCtrl hLECs and compromised in hLECs with knockdown of Rap1 ( Figure 2E ). Indeed, quantification demonstrated that on AM treatment, both shRap1A/B-treated and shCtrl-treated hLEC monolayers had decreased permeability, depicted graphically as <1 when normalized to the gap area of the media-treated groups. However, shRap1A/B-treated hLEC monolayers had increased normalized permeability as indicated by a significantly greater ratio of fluorescent-streptavidin-positive puncta areas compared with shCtrl ( Figure 2F ). Together, these results consistently establish a critical role for Rap1 in promoting AM-induced stabilization of LEC junctions.
Rap1 Deficiency Prevents AM From Restoring Histamine-Stimulated Junction Disruption
Histamine is rapidly released from mast cells and basophils on allergic inflammation and strongly increases vascular permeability, contributing to edema and inflammation in many conditions. 34 We treated hLECs with histamine (10 μM) for 10 minutes and found that cell-cell junctions shown by VE-cadherin staining become more jagged with markedly discernible gaps between cells, indicative of junction disruption. In addition, cytoplasmic F-actin (filamentous actin) phalloidin staining was upregulated and reorganized into more prominent stress fibers. However, if hLECs were treated with AM (10 nmol/L) for 30 minutes after histamine application, these cell-cell junctions became more zipper-like and less disrupted, with fewer cytoplasmic stress fibers ( Figure 3A , representative images; Figure 3B , quantification). Likewise, RTCA experiments showed that monolayer impedance dropped after histamine was added, indicating a loss of barrier properties ( Figure 3C ), yet AM treatment restored the impedance much more rapidly than the self-recovery of histamine alone group ( Figure 3C ). Quantification of cell index at the time point 30 minutes after AM treatment revealed a similar increase in normalized impedance for both histamine and media-treated hLECs ( Figure 3D ). Together, these results indicate that AM is capable of potently restoring both the disrupted morphology of cell-cell junctions and the decreased barrier function induced by histamine.
Using this methodology, we next used control and knockdown Rap1 LECs to determine whether Rap1 might be a critical downstream effector of the AM restoration of histamine-stimulated junction disruption. Cell-cell junctions visualized by VE-cadherin staining demonstrated similar histamine-induced junction disruption in both shCtrl and shRap1A/B hLECs: jagged junctions and discernible gaps between cells. However, on AM treatment, markedly more linearized junctions were observed in the histaminepretreated shCtrl hLECs compared with shRap1A/B hLECs ( Figure 3E , representative images; Figure 3F , quantification). Gap area was quantified by XPerT assay in shCtrl, and shRap1A/B monolayers treated with histamine only or with histamine and AM. Representative threshold images showing gap area fluorescence in shCtrl and shRap1A/B monolayers treated with histamine only or histamine and AM combined suggested that AM-induced reduction of gap area is greater in shCtrl hLECs ( Figure 3G ). Quantification showed that AM reduced fluorescence gap area in both shRap1A/B and shCtrl hLECs pretreated with histamine, which was indicated by showing normalized gap area (a ratio of the gap area in histamine and AM-treated to that in histamine-treated hLECs) as <1. However, shRap1A/B hLECs treated with histamine and AM combined had increased normalized gap area compared with shCtrl, demonstrating that AM was less effective in reducing gap area caused by histamine in the absence of Rap1 ( Figure 3H ). Overall, these results demonstrate that loss of Rap1 hinders AM from ameliorating histamine-induced lymphatic junction disruption and hyperpermeability.
PKA Is an Auxiliary Effector of AM Signaling
We have to date shown that Rap1 plays a key role in LEC junction formation, AM-induced junctional stabilization and barrier function, and the restorative effect of AM on histamineinduced LEC junctional disruption and barrier permeability. However, we noticed that AM still elicited a slight improvement of junction disruption even in Rap1-deficient hLECs (shRap1A/B), both with or without histamine ( Figure 2A-2D and Figure 3E-3F ). This small improvement may be because of the small amount of residual Rap1 in shRap1A/B knockdown hLECs. However, another possibility is that other effectors may signal downstream of AM when Rap1 is depleted. The PKARhoA (protein kinase A-Ras homolog gene family, member A) signaling pathway, also downstream of cAMP, parallels the Epac1-Rap1 pathway ( Figure 4A ). Because PKA can inhibit RhoA in a cAMP-dependent manner, 35 activation of the PKA pathway may also lead to junctional enhancement via RhoA inhibition 35 and subsequent reduction in actomyosin contractility ( Figure 4A ). To explore whether this pathway is downstream of AM signaling, we measured RhoA activity in hLECs treated with AM (10 nmol/L) for 30 minutes and found that AM significantly decreased RhoA activity ( Figure 4B ). Phosphorylation of regulatory MLC (myosin light chain II) is another read-out for activation of the RhoA/ROCK signaling pathway; this phosphorylation is rapidly induced in response to histamine. 34 AM ameliorated histamine-induced stress fibers and p-MLC levels in hLECs ( Figure 4C-4D) . However, similar to the LEC junction formation experiments, the decrease in p-MLC caused by AM treatment was not fully blunted by loss of Rap1 under either basal or histamine-stimulated conditions ( Figure IA and IB in the online-only Data Supplement). Together, these results suggest that under certain conditions, AM may regulate the RhoA-ROCK-MLC pathway partially independent of Rap1.
To further determine the relationship of these 2 parallel pathways on AM stimulation, we inhibited PKA activity by pretreating hLECs with PKI (10 µmol/L), a well-known PKA inhibitor, for 1 hour before adding AM. PKI induced junction disruption and gap formation between cells; however, AM still could linearize and strengthen hLEC junctions after PKI treatment ( Figure IIA in the online-only Data Supplement). PKI also decreased the impedance of hLEC monolayer, but again, this effect could be fully restored by AM treatment ( Figure  IIB in the online-only Data Supplement). The increase of cell impedance induced by AM treatment showed no significant difference regardless of PKA activity ( Figure IIC in the online-only Data Supplement). Thus, inhibition of PKA did not affect AM-induced LEC junctional stabilization under basal conditions. We next wanted to determine whether PKA pathway inhibition could be rescued by AM to restore junction linearity if Rap1 was absent. However, AM could not fully restore the junctional linearity in PKI-treated shRap1A/B LECs ( Figure 4E , representative images in PKI group; Figure 4F , left graph), which emphasizes the requirement of Rap1 in the AM-induced junctional restoration process. Interestingly, we also noted that when PKA was inhibited, AM failed to elicit even the minor improvement of junction linearity that we had previously observed in shRap1A/B hLECs ( Figure 4E , representative images in shRap1A/B group; Figure 4F, right graph) . Furthermore, the slight reduction in gap area in response to AM in shRap1A/B hLECs (compared with shCtrl) was abolished in PKI pretreated cells ( Figure 4G , representative images; Figure 4H , quantification). Thus, AM may still modestly affect hLEC junction stability via the PKA pathway, but only if Rap1 is deficient, indicating that PKA may play a supporting role in mediating the signal from AM under certain conditions.
Lymphatic Abnormalities in LEC-Rap1a/b Deficient Embryos
Because AM signaling is required for developmental lymphangiogenesis, we reasoned that loss of its critical downstream effector from lymphatic endothelium may result in similarly defective lymphangiogenesis. Thus, to assess the role of Rap1 in lymphatic development and function in vivo, we inactivated both Rap1a and Rap1b isoforms in LECs by crossing a Rap1a/b floxed mouse to 2 mouse lines with either a constitutively-expressed Lyve1-Cre 36 or an inducible Prox1
CreERT2 transgene. 37 The resulting crosses cause the recombination of the loxP sites flanking exons 2 and 3 of Rap1a and that flanking exon1 of Rap1b in a Rap1a/b floxed mouse model. 38 We examined the embryos at E13.5 and found that some Rap1a/b fl/fl ; Lyve1
Cre+/− embryos survived until E13.5 but at a much lower than expected Mendelian ratio, whereas single LEC-Rap1a ( Cre+/− embryos showed developmental defects, including interstitial edema (asterisk in Figure 5A and red arrow in Figure 5B ), associated with areas of severe interstitial hemorrhage (white arrowheads in Figure 5A ). We observed similar phenotypes with edema and interstitial hemorrhage in the Rap1a/b fl/fl ; Prox1
CreERT2 embryos ( Figure 5A ). Histological sectioning revealed appropriately lumenized jugular lymph sacs that were blood-filled (black arrows in Figure 5B ; Prox1 CreERT2 embryos compared with control littermates. Moreover, we noted disrupted morphology of LVV with red blood cells passing through into the lymph sac (black arrowhead in Figure 5B ). In addition, we found a significant reduction in the density and patterning of dorsal dermal lymphatic capillaries in Rap1a/b fl/fl ; Lyve1
Cre+/− embryos at E13.5 compared with controls ( Figure 5D CreERT2 embryos ( Figure 5E ). Collectively, these observations establish an essential role for Rap1 in lymphatic developmental lymphangiogenesis, the formation of LEC junctions, and the appropriate establishment of LVVs.
Rap1 Is Required for AM to Stabilize LEC Junctions In Vivo
To further investigate whether Rap1 is a downstream effector of AM in vivo, we generated Rap1a/b fl/fl ; Prox1 CreERT2 mice for inducible deletion of both Rap1a and Rap1b isoforms specifically in lymphatics. Mice, 3 to 4 months old, were injected with tamoxifen at 5 mg/40 g for 5 consecutive days. Histamine or a combination of histamine and AM was injected intradermally at the inner surface of the ears, followed by intradermal injection of Evans blue dye 5 minutes later to visualize lymphatic vessels ( Figure 6A ). In this model, Evans blue dye is rapidly taken up by dermal lymphatics, and the dye staining pattern sharply marks the fine lymphatic vessels adjacent to the injection site ( Figure 6A , enlarged schematic; Figure 6B , 0 minutes). If the lymphatic barrier is leaky, subsequent dye extravasation out of lymphatic vessels will appear as a diffuse, spreading bruise on the skin adjacent to the injection site ( Figure 6A , enlarged schematic; Figure 6B , 10 minutes: white arrowheads). In histamine-treated wild-type (WT) ears, there was little to no extravasation when combined with AM treatment (green box). However, the combination histamine +AM-treated ear of Rap1a/b fl/fl ; Prox1 CreERT2 mice exhibited more dye extravasation from lymphatic vessels as indicated by the diffuse dye pattern surrounding the lymphatics (red box, arrowheads), compared with WT, suggesting that AM was incapable of restoring histamine-disrupted LEC junctions when Rap1 was deleted. Next, we compared ear dermal lymphatic diameter visualized by immunostaining using antipodoplanin. AM decreased the diameter of the lymphatics of histamine-injected ears in WT mice but not in Rap1a/b fl/fl ; Prox1
CreERT2 mice ( Figure 6C and 6D) . Furthermore, the junctions of the collecting lymphatic vessels were more disrupted in Rap1 fl/fl ; Prox1 CreERT2 mice treated with the combination of histamine and AM (red arrowheads in Figure 6E ). Together, these results show that Rap1 is required by AM to restore histamine-induced junction disruption and permeability in vivo.
Discussion
In contrast to the blood circulation, the lymphatic vasculature features loose junctions which facilitate the entry of fluid, protein, and cells. 1 However, dysregulation of the lymphatic barrier may lead to the development of edema, obesity, altered lymphocyte circulation, inflammation, and depressed immune system, 39 and may even favor the spread of cancer cells. 40 In the present study, we report that Rap1 plays an important role in the formation and integrity of LEC junctions and lymphatic development and is the dominant effector mediating the tightening effect of AM, a prominent lymphangiogenic factor, under basal conditions and in restoring histamine-induced junctional disruption both in vitro and in vivo.
AM stabilizes blood endothelial cell (BEC) junctions by elevating cAMP levels. [41] [42] [43] [44] [45] In BECs, Rap1 can be activated by a cAMP-responsive GEF Epac1, and this results in enhanced barrier function.
14 However, whether Rap1 is the dominant molecular effector mediating the junction tightening effect of AM, particularly in LECs remains unclear. Our results demonstrate that Rap1 is essential for AM to exert its junction tightening effect in LECs. Consistent with our results, García Ponce et al 46 showed that cortactin was critical for AM secretion and subsequent inhibition of ROCK for maintenance of BEC barrier function.
In parallel with Epac1-Rap1, PKA is another downstream effector of cAMP ( Figure 4A ), which can regulate endothelial barrier function by inactivating RhoA. 40 In BECs, under conditions of high RhoA activity, radial stress fibers and enhanced contractility increase vascular permeability. 47 We found that RhoA activity in LECs was reduced by AM treatment, which is consistent with the junctional enhancement we see on AM treatment. The junctional stabilizing effects of AM, therefore, could be attributable to the Epac1-Rap1 arm of the pathway, 48, 49 inhibition of RhoA via the PKA pathway, or both. To tease out whether the PKA and Epac1-Rap1 pathways coordinate to regulate endothelial junctions on AM stimulation, we used PKI, an inhibitor of PKA.
50,51 PKA signaling was not required for AM-induced stabilization of hLEC junctions and reduction of monolayer gap area in normal hLECs ( Figure II in the online-only Data Supplement), suggesting a dominant role for Rap1. However, when PKA was inhibited in shRap1A/B knockdown hLECs, AM treatment no longer rescued junctional linearity or reduced monolayer gap area ( Figure 4E-4H) . Together, these results emphasize the importance of Rap1 as the dominant effector pathway downstream of AM for lymphatic junctional tightening, whereas PKA may function as an auxiliary pathway that cannot fully effectuate the effects of AM. Whether Rap1 exerts its barrier stabilization function in LECs via effects on the actin cytoskeleton, including decreasing radial stress fibers and increasing cortical actin bundles 52 or by feeding into the RhoA inhibitory pathway in LECs remains to be determined. ArhGAP29, a RhoA GTPase-specific inhibitor, is known to be activated by Rap1 48, 49 and can help control endothelial barrier function by subsequent reduction of tension on radial stress fibers. It is possible that both mechanisms contribute to barrier function 53 Numerous studies have examined the role of histamine in BEC junction hyperpermeability caused by pathological conditions, including allergic diseases, asthma, and anaphylactic shock. 34 However, limited research has focused on the effect of histamine in lymphatic vasculature, especially on the LEC junctions. Breslin 54 showed that histamine can decrease TER (transepithelial electrical resistance) in LECs by a pathway involving RhoA-ROCK. In our study, we also consistently observed that histamine decreased the cellular impedance of a hLEC monolayer. Surprisingly, we demonstrate that AM can restore this decreased cell impedance and rescue the histamine-induced cell-cell junctional disruption and increased stress fiber formation within 30 minutes after AM treatment. Furthermore, we studied the role of Rap1 in AM-rescue of histamine-induced hyperpermeability of LEC junction using an inducible lymphatic-specific knockout mouse model, Rap1a/b fl/fl ; Prox1 CreERT2 . In this model, using histamine treatment to induce permeability, AM failed to restore lymphatic barrier function in the absence of Rap1. This was also consistent with the dilation of lymphatics in Rap1a/ b fl/fl ; Prox1 CreERT2 ears even on AM stimulation ( Figure 6 ). These results support the notion that expression of AM and its activation of the Rap1 pathway in adults is required for regulation of lymphatic junctions, thereby, facilitating the maintenance of interstitial fluid dynamics. In the context of interstitial edema, induced by histamine release, inflammation, or other pathophysiological challenges, this signaling pathway becomes even more critical, implying that AM-based therapies could have tremendous value for the attenuation of interstitial edema, as exemplified by histamineinduced pathological conditions. Total Rap1a/b knockout mice die at E10.5, and Tie2-Rap1a/b endothelial-knockout mice do not survive past E15.5. 18, 55 Our observation that Rap1a/b fl/fl ; Lyve1
Cre+/− mice displayed increased embryonic lethality around E13.5 (Table I in the online-only Data Supplement) is in line with these other studies, but also emphasizes the importance of Rap1 in lymphatics. Surviving Rap1a/b fl/fl ; Lyve1
Cre+/− embryos at E13.5 showed hemorrhage on the side of body and jugular region, accompanied by severe edema. Histological examination revealed disrupted morphology of LVVs, disorganized LEC junctions, and impaired lymphangiogenesis, along with blood-filled jugular lymph sacs ( Figure 5 ). Dysregulation of blood-lymphatic separation has been shown to contribute to blood-filled jugular lymph sacs. 56, 57 Lymphatic-specific deletion of the Zinc finger transcription factor Gata2, which can transactivate Prox1, caused pronounced edema, pooling of blood in the jugular region, enlarged jugular lymph sacs, and bloodfilled lymphatics, 58 similar to our observations in Rap1a/ b fl/fl ; Lyve1 Cre+/− mice. RapGEF2, also known as PDZ-GEF1
(PDZ domain-containing guanine nucleotide exchange factor 1), is an activator of Rap1. RapGEF2 −/− yolk sac cells showed significant downregulation of Gata2 at both mRNA and protein levels, which may be attributable to inactivation of B-raf/ERK (rapidly accelerated fibrosarcoma/extracellular signal-regulated kinase), an effector downstream of Rap1 and responsible for activation of transcription factor SCL and subsequent transcription of Gata2. 59 Together, these results emphasize that LEC Rap1 signaling is critical for normal LVV development and function.
Overall, our findings define a critical role for Rap1 in lymphatic development, including junction formation, organization, and barrier function. Moreover, we show that Rap1 is indispensable for AM to stabilize LEC junctions, whereas PKA is not required but may mediate AM signaling as an auxiliary effector in Rap1-deficient hLECs. Our study sheds light on how PKA and Epac1-Rap1 pathways may coordinate to mediate AM signaling and provides therapeutic implications for lymphatic diseases and other pathological conditions accompanied by lymphatic hyperpermeability.
